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Abstract 
The working temperature of BIPV modules is high than ground-mounted PV. Based on the theory of material 
mechanics and thermal stress analysis, the stress distribution of metallization interconnects system for crystalline 
silicon solar module in BIPV was studied for the first time. The shear stress and normal stress distribution of soldered 
structure for crystalline silicon solar cell under the thermal field were discussed. And the results show the stress 
distribution is not simply linear relationship as some results found. But there is a stress concentration at the edge, 
which was considered as the true reason that caused V-notch at the edge of soldered solar cell. The conclusions we 
got in this paper provide a theoretical basis for reliability of c-Si BIPV modules.  
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1. Introduction 
Crystalline silicon solar module is the critical component of photovoltaic (PV) generation system. 
Because of outdoor installation, the most defects and failures might occur on PV systems with respect to 
environment stresses. In fact, these stresses cause to emerge various electrical and mechanical faults on 
PV modules [1-2]. The effective control of power degradation is very important for the investment income 
and reliability of PV power station. The manufacturers usually guarantee that the lifetime of solar cell 
module is expected to be 25 years with 20% reduction in its power output over this period. Installed and 
operated in hot and humid climate, the typical operating temperature of PV modules will change between 
-30~+100ć. In the process of crystalline silicon solar module production, the crystalline silicon solar 
cells are interconnected into complete string. The cells of PV modules are electrically connected in series 
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by interlacing tin-coated copper ribbon between the front of one cell and the back of the adjacent cell. Due 
to the large difference of coefficient of thermal expansion (CTE) between metal and silicon, thermal stress 
will appear and accumulate in metallization interconnect system when PV module is suffering from a 
temperature cycle. The cyclic thermal stress will cause micro-cracks and voids, which will increase the 
contact resistance of electrode and reduce PV modules’ lifetime. Although many researches on module 
reliability have been done [3-5], there was no quantitative research for the thermal stress distribution 
inside the crystalline silicon solar module. 
In this paper, a model of the thermal stress distribution of metallization interconnects system for 
crystalline silicon solar module is established for the first time. The shear stress and normal stress 
distribution of soldered structure for crystalline silicon solar cell under the thermal field were discussed. 
And the results show the stress distribution is not simply linear relationship as some results found [6-9]. 
But there is a stress concentration at the edge, which was considered as the true reason that caused V-
notch at the edge of soldered solar cell. 
2. Structure model of solar cells metallization interconnect system 
2.1. Theoretical model 
Considering the complicated structure, when the PV module is working outdoor and suffering from a 
temperature cycle, different thermal stress will be caused in different material which with different 
coefficient of thermal expansion(CTE). As the adhesion and restriction between each structure material, a 
kind of stress cycle will appear in the interface and gradually lead to various reliability problems like 
crack, low power or even failure [10]. 
The cells of PV modules are electrically connected in series by interlacing tin-coated copper ribbon. 
As we know, glass layer is the main binder phase at Ag paste/Si contact interface, and the peeling off of 
cell electrodes always occurred in Ag paste layer. The coefficients of thermal expansion of metal 
materials are quite different from Si substrate, while the glass frit is between metal and Si. As shown in 
Figure 1, a simplified structure model with only three-layer was established (Cu ribbon, Ag paste layer 
and Si substrate). Assume each layer satisfies the homogeneous, isotropic and linear conditions. 
 
 
(a)  BIPV                                  (b) Mechanic analysis 
Fig. 1. Mechanic analysis of the metallization interconnect system in BIPV  
The thickness, width and Young’s modulus of the layers are mt , mb and mE for ribbon, st , sb and sE for 
Si substrate layer, and ct , cb , cE for thin glass layer respectively, L is the bond length. Considering the 
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element shown in Fig.1, the equations of equilibrium for metal layer and Si substrate layer can be written 
as: 
0  cmdx
dF W                                                                                                          (1) 
0  csdx
dF W                                                                                                               (2) 
In which mF and sF represent the forces caused by thermal stresses for metal layer and Si substrate 
layer. cW  is shear stress in middle layer. 
2.2. Thermal stress model of crystalline silicon solar cells metallization interconnect system 
As shown in Figure 2, this paper takes the expansive behavior of solar cell under a high temperature as 
an example to analyze shear stress distribution. Fig. 3 shows the structure deformation of an element in 
the location x. As the thickness of middle thin glass layer is too thin, the shear stress in glass layer can be 
considered as the same value cW along thickness, and the shear stress in metal layer and Si substrate layer 
change linearly along thickness. 
 
 
(a)                                                               (b) 
Fig. 2. Simplification of cell structure. (a) Coordinate system with the origin at the center of the metallization;(b) Thermal expansion 
of the simplified structure 
 
Fig. 3. The shear stress and strain analysis of simplified structure 
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The shear stress in the middle layer, metal layer and Si substrate layer can be written respectively in 
the following forms: 
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In which cW , mW and sW are the shear stresses in middle layer, metal layer and Si substrate layer 
respectively. 'mW  and 'sW are the shear stresses of upper surface and lower surface. )(xucm and )(xucs are 
the coordinates of the two interfaces of the element in the location x. 'mu and 
'
su are the coordinates of 
upper surface and lower surface. G andJ are the shear modulus and shear strain, respectively. 
According to the stress-strain relationship, the coordinate functions in metal layer and Si substrate 
layer can be expressed as: 
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the displacement functions ),( yxw can be expressed as follow: 
xyxUyxw  ),(),(                                                                                                                               (8) 
Substituting equations (4) and (5) into equation (6). The displacement functions in metal layer and Si 
substrate layer can be expressing as differential equations: 
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The normal stresses of element dx for the metal layer and Si substrate layer under temperature field are 
expressed as: 
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in which α  is the coefficient of thermal expansion (CTE). 
Compared to the thickness of the metal layer and Si layer, middle layer is so thin that it can be 
reasonable ignored. The forces in metal layer and Si layer can be expressed as: 
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They can also be written in the form of differential equation. Substituting equation (1) and (2) gives: 
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Equation (3) can be written in the form of the following differential equation: 
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Substituting equations (15) and (16) into equation (17) gives: 
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As shown in Fig.3, the shear stresses of upper surface and lower surface were very small and as well 
assumed to be 0. That is to say, coefficient C is 0. 
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After a series of calculation and substitution, we finally get an expression of cW . The unknown 
coefficient can be obtained by the boundary condition. So curves of W was obtained by software 
MATLAB-R2013a and a self-programming program. 
2.3. Solution and analysis 
The following results can be obtained 
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Table 1. Structural parameters of different material layers 
Parameters E/Pa G/Pa α/ć t/m L0/m 
Cu ribbon layer 110e9 30e9 16.9e-6 210e-6 78e-3 
Middle layer 55e9 1.96e9 3.3e-6 3e-6 78e-3 
Si substrate layer 130e9 58e9 2.6e-6 180e-6 78e-3 
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Substituting the material parameters (shown in Table 1) into equation (20), curves of the shear stress in 
middle layer were obtained by sofeware Matlab. Figure 4 shows the shear stress in middle layer under 
different temperature fields (-35ć, -20ć, -5ć, 10ć, 25ć, 40ć, 55ć, 70ć, 85ć, 100ć). 
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Fig. 4. The shear stress distribution of the middle layer under temperature field from -35ć to 100ć 
3. Conclusions 
The working temperature of BIPV modules is higher than ground-mounted PV. Because of the 
existence of temperature difference and elastic modulus, Poisson ratio, thermal expansion coefficient of 
welding material and silicon is different, it would accumulate thermal stress and strain in the process of 
multiple thermal cyclic. Then it result in interlayer striped. Eventually, it would lead to the destruction of 
ribbon and seriously affect the service life of solar module. So the study of thermal stress distribution 
under the temperature field has very important practical significance. In this article, the stress distribution 
of metallization interconnects system for crystalline silicon solar module was studied for the first time. 
The shear stress and normal stress distribution of soldered structure for crystalline silicon solar cell under 
the thermal field were discussed. Studies have shown that the value of shear stress at the midpoint is the 
smallest and shear stress along the direction of welding strip increase by function of cosh. The 
concentrated stress of edges leads to V-notch appearing on the welding edges. The study results has Laid 
a theoretical basis for the reliability of BIPV modules. 
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